Object. Crocodile tears syndrome (CTS) is a lacrimal hypersecretion disorder characterized by excessive tearing with gustatory stimulation while eating, drinking, or smelling food. Surgeons tend to overlook CTS after vestibular schwannoma (VS) surgery because its symptoms are less obvious compared with facial paralysis. The authors aim to elucidate the precise incidence and the detailed natural course of CTS after VS surgery.
T he term "crocodile tears" arises out of an ancient Greek myth that crocodiles use tears to lure their prey and then continue to shed tears as they devour them. 6 Crocodile tears syndrome is a lacrimal hypersecretion disorder characterized by excessive tearing with gustatory stimulation while eating, drinking, or smelling food. 3, 11, 13 It is a relatively rare syndrome that has mainly been observed after incomplete recovery from peripheral facial nerve palsy. This condition most commonly occurs after a Bell palsy, but can also be seen after other injuries to the facial nerve such as trauma, stroke, or surgery for VS. 10 The nerve fibers responsible for lacrimation are conveyed along with those for taste and salivation in the nervus intermedius. These fibers within the cerebellopontine angle are in close association with the facial nerve motor fibers and are thus equally liable to trauma during VS surgery. 10 Surgeons tend to overlook the occurrence of CTS after VS surgery because abnormalities of the nonmotor functions of the facial nerve are less obvious and do not cause anything as physically disabling as a paralyzed face. However, the precise incidence and natural course of CTS needs to be elucidated because this disorder is a source of embarrassment and emotional upset in patients who suffer from it. 8, 12 Irving et al. 10 reported the frequency of, the onset of, and the rate of recovery from CTS after surgery for VS in 1995; however, the reported incidence was quite high. In their report, detailed information about the natural course of CTS, surgery, and tumor characteristics was not provided.
The aim of this study was to elucidate the precise incidence and the detailed natural course of CTS in patients who underwent surgery for VS via a retrosigmoid approach.
Methods

Patient Population
Between 2002 and 2011, the senior author (T.S.) performed surgery in 128 patients with unilateral VS via a retrosigmoid, lateral suboccipital approach. 15 Written informed consent was obtained from all patients prior to their inclusion in the present analyses. Patients with bilateral acoustic tumors (neurofibromatosis Type 2) were excluded from this study. Clinical information on the patients was obtained by retrospective chart review. There were 53 men and 75 women, with a mean age of 50.2 ± 12.3 years (range 22-76 years). The mean follow-up period in these patients was 60.7 ± 26.5 months (range 4-108 months). There were no pure intracanalicular tumors in our cases, and the maximum tumor diameter in the cerebellopontine cistern was measured in all cases on preoperative MRI studies.
The extent of tumor removal was evaluated by a retrospective review of operative records and postoperative MRI studies, as described before. 15 Patients were classified into 4 groups according to the extent of tumor removal: 1) total; 2) near total; 3) subtotal; and 4) partial removal. Total removal means complete removal of both the tumor parenchyma and capsule. Even if there was no detectable residual mass on the postoperative MR images, the operation was categorized as a near-total removal when a small piece of tumor capsule was left adhered to the facial or cochlear nerve and was visible on intraoperative inspection. The operation was considered a subtotal removal if a tumor capsule with a small amount of tumor tissue remained and could be detected on the postoperative MR images. When there was a significant amount of residual tumor tissue, the operation was defined as a partial removal (estimated < 90% removal).
Clinical information on the patients was obtained by retrospective chart review. Postoperative facial nerve function was evaluated using the HB grade 9 at the time of discharge, 6 months afterward, and 1 year postoperatively. All patients were specifically asked about CTS at every outpatient visit. Data regarding the presence of, time of onset of, and recovery from CTS were obtained from each patient's chart or evaluated at the most recent outpatient visit.
Statistical Analysis
Commercially available software (JMP version 8; SAS Institute) was used for statistical analysis. Multiple regression analysis was performed to study predictors of the occurrence of CTS. Significance was indicated by a value of p < 0.05. Data for age, HB grade, and tumor volume are expressed as the mean ± SD. Data for sex, tumor side, volume, extent of tumor removal, seventh cranial nerve fanning, meatus opening, and postoperative taste abnormality are shown in Table 1 by the number of patients with and without CTS in each category.
Results
Incidence of CTS
No patient demonstrated CTS before surgery. A total of 14 patients developed CTS, for an incidence of 10.9% (Table 1 ). The mean volume of the tumors in patients with CTS was 6.9 ± 6.6 cm 3 (range 0.1-19.8 cm ). The preoperative HB grade was 1 in all cases. All tumors underwent total or near-total resection. Intraoperative findings showed that 9 facial nerves (64%) were fanning. In all surgeries, the acoustic meatus was decompressed using a high-speed drill. The mean HB grade at discharge was 3.6 ± 1.1.
Of the 114 patients in whom CTS did not develop, the mean volume of tumors was 9.8 ± 10.8 cm 3 (range 0.1-49.3 cm 3 ). The mean preoperative HB grade was 1.2 ± 0.7. Ninety-three tumors (81.6%) underwent total or near-total resection. Intraoperative findings showed that 71 facial nerves (62.3%) were fanning. In 96 surgeries (84.2%), the acoustic meatus was decompressed. The mean HB grade at discharge was 1.9 ± 1.2.
The HB grade at discharge was statistically related to the occurrence of CTS on multivariate analysis (p < 0.001) ( Table 1) . The relationship between the motor function of the facial nerve at discharge and the occurrence of CTS is demonstrated in Fig. 1 . More than half of the patients with HB Grade 4 developed CTS, whereas CTS was less frequently observed in patients with HB Grades 5 and 6 compared with patients with HB Grade 4. The odds ratio for the occurrence of CTS in patients with HB Grade 4 compared with HB Grade 1 was 86.4 (p < 0.001) ( Table 2 ). There were no statistically significant differences between patients with and without CTS in age, sex, postoperative taste abnormality, side affected by the tumor, volume of the tumor, intraoperative appearance of the facial nerve, or the meatus opening. 
Onset of CTS
The mean onset of CTS after tumor resection was 6.1 ± 4.0 months, ranging from 3 to 15 months ( Fig. 2 and Table 3 ). A bimodal distribution was observed (Fig. 3) . Approximately two-thirds of cases of CTS arose within 6 months after surgery (early onset), and a second peak onset occurred approximately 12 months after surgery (late onset). Ten patients (71%) showed early onset at a mean of 3.9 months postsurgery, whereas 4 (29%) demonstrated late onset at a mean of 11.8 months postoperatively (Table 4) .
Recovery From CTS
The CTS improved in 10 patients (71%), 7 of whom completely recovered and 3 of whom partially improved ( Table 3 ). The beginning of improvement of CTS was varied. Gradual improvement after onset was seen in 4 patients, whereas CTS did not start to improve until 3-18 months after onset in 6 patients. In 1 patient (Case 8), symptoms of CTS fluctuated; CTS started to improve 7 months after surgery, deteriorated again 2 years after surgery, and then stabilized.
Following the development of CTS, only 7 patients (50%) reported that the disorder resolved completely (Table 3), including 6 of 10 patients in the early-onset group and 1 of 4 patients in the late-onset group (Table 4) . In the 7 patients in whom CTS resolved, the mean interval to recovery was 10.9 ± 7.9 months. The mean interval to recovery in the early-onset group was 9.7 ± 7.9 months, and it was 18 months in the late-onset group.
Discussion
The Nervus Intermedius
The nervus intermedius arises from the brainstem separately from the larger facial motor root at the pontomedullary junction, and is located between the vestibulocochlear bundle and the facial nerve. This nerve has less protection from mechanical trauma than motor fibers because it lacks the perineurium between the brainstem and porus meatus, 10 and only 20% of its fibers are myelinated. 16 The nervus intermedius directly faces the cleavage plane during tumor removal because it lies between the facial nerve and the tumor capsule, which consists of the perineurium and the residual fibers of the vestibular nerve. Hence, the nervus intermedius is easy to damage during tumor dissection. Irving et al. 10 reported that CTS occurred in 44% of patients who underwent VS surgery. This figure is thought to be quite high, however, and detailed information including tumor characteristics, surgical procedures, and intraoperative findings were not provided in their report. We speculate that the main reason for the low occurrence of CTS in our series compared with their patient sample was that our surgical principle was protective not only for the functioning of the facial and cochlear nerves, but also for the functioning of the nervus intermedius.
Mechanisms of CTS
Various mechanisms have been proposed to explain the phenomenon of CTS, and these involve the incomplete or inappropriate recovery from trauma of the nervus intermedius. [1] [2] [3] [4] [5] 7, 13, 14 The most commonly accepted mechanisms for the pathogenesis of this abnormal reflex appear to be aberrant regeneration (misdirection) 1,2,4,7 and transaxonal (ephaptic) transmission. 3, 5, 14 In this study and in the one reported by Irving et al., 10 a bimodal distribution of time of onset of CTS was observed. This suggests that more than one pathophysiological process is responsible for the development of CTS. Late-onset CTS is more likely to result from the aberrant regeneration that would take more than several months to bridge the gap between the sphenopalatine ganglion and the porus or the brainstem via the greater superficial petrosal nerve. On the other hand, transaxonal transmission, with short circuiting of nerve impulses between inadequately insulated and damaged autonomic components of the facial nerve, is adequate to explain the acute onset of CTS. 10 However, the mechanism underlying the recovery from CTS remains unclear. We speculate that newly developed or regenerated negative feedback is possibly involved in the recovery from CTS.
Relationship Between CTS and Taste Abnormality
We had expected that the occurrence of taste abnormalities had some relationship to the occurrence of CTS, because the damage of the nervus intermedius also can result in taste disruption. However, there was no relationship between the occurrence of CTS and taste abnormalities in this study. This may be due to the difference between the parasympathetic secretomotor fibers and special sensory fibers, or to the underestimation of the mild taste abnormalities, because taste perception is a subjective sensation.
Conclusions
The occurrence of CTS following VS surgery was more common than we had expected; however, its recovery was observed in only half of the cases. To reduce the distress caused by CTS, all patients should be given sufficient information and provide informed consent prior to surgery. The use of subperineurial or subcapsular dissection appears to reduce the occurrence of CTS as well as preserve facial and cochlear nerve functions.
